Abstract − Remote sensors provide information on the photosynthetic pigment concentration for the upper 22% of the euphotic zone. To model primary production in the water column from satellite-derived photosynthetic pigments, estimates of the vertical distribution of pigment concentration are required. A Gaussian distribution function is used to represent the pigment vertical profile with four parameters. We used 268 chlorophyll concentration profiles from 1973 through 1993, to estimate these parameters. Cluster analysis of surface temperature was used to define the cool season as the period end of November-end of June, and the rest of the year is considered the warm season. Cluster analysis of surface temperature and chlorophyll data grouped the stations into four regions for the cool season and into two regions for the warm season. Regression models were developed for each region and season to estimate the depth of the deep chlorophyll maximum as a function of the mixed layer depth or an index of stratification. We were not able to generate useful regression models to predict the other three Gaussian parameters. Thus, their representative means were calculated for each region and season. Assuming a homogeneous biomass profile resulted in underestimation of integrated primary production by as much as 60% with respect to the values derived from the non-homogeneous profiles. © 2001 Ifremer/CNRS/IRD/Éditions scientifiques et médicales Elsevier SAS Résumé − Profils de chlorophylle et structure de la colonne d'eau dans le golfe de Californie. La télédétection donne accès à la concentration de pigments photosynthétiques dans les 22% supérieurs de la couche euphotique. La modélisation de la production primaire dans la colonne d'eau à partir des pigments photosynthétiques dérivés de cette estimation implique des mesures de la distribution verticale de la concentration en pigments. Une fonction de distribution gaussienne a été utilisée pour représenter le profil vertical des pigments avec quatre paramètres. Nous avons utilisé 268 profils de concentrations de chlorophylles, obtenus de 1973 à 1993. L'analyse de nuages de la température superficielle est utilisée pour définir la saison froide (fin novembre -fin juin). Le reste de l'année a été considéré comme la saison chaude. Cette analyse des données de température superficielle et de teneur en chlorophylle met en évidence quatre régions pour la saison froide et deux pour la saison chaude. Les modèles de régression sont développés pour chaque région et pour chaque saison afin d'estimer le maximum profond de chlorophylle en fonction de la profondeur de la couche mélangée ou un indice de stratification. Nous n'avons pas développé de modèle de régression pour la prédiction des trois autres paramètres gaussiens. Aussi, leurs moyennes représentatives ont été calculées pour chaque région et saison. En supposant un profil de biomasse homogène, l'estimation peut conduire une sous-estimation de la production primaire intégrée au plus à 60%, en relation avec des valeurs dérivées de profils non homogènes.
INTRODUCTION
Remote sensors provide information on the average photosynthetic pigment concentration for the upper 22% of the euphotic zone (Kirk, 1994) . Empirical and semianalytical algorithms to estimate primary production (PP) from satellite-derived photosynthetic pigments have been compared (Platt and Sathyendranath, 1993; Behrenfeld and Falkowski, 1997) . These models apply to the entire euphotic zone, and ideally, they should use the vertical profile of pigment biomass as input (Morel and Berthon, 1989) . Therefore a gap exists between the limited satellite pigment information and what is needed when modeling.
The assumption of a mixed layer with a homogeneous pigment distribution could lead to inaccurate estimates of integrated primary production (Platt et al., 1991) . The deep chlorophyll maximum (DCM) is a consistent feature in the ocean (Dandonneau, 1979; Cullen and Eppley, 1981) . Since the early studies on the DCM an emphasis has been placed on understanding these features (Varela et al., 1992 , and references therein). Generally, accounting for its presence increases estimates of integrated production (PP int ), and since the DCM often appears below the mixed layer, then it would be likely that most of its production is new production (Sathyendranath et al., 1995) . Lewis et al. (1983) and Platt et al. (1988) proposed Gaussian distribution functions to represent the vertical profile of chlorophyll concentration (Chl) . A difficulty in estimating oceanic production from surface measurements arises from the regional differences in the vertical distribution of chlorophyll. The underlying assumption of a Gaussian distribution function is that for a given region of the ocean, in a given season, the typical shape of the chlorophyll profile is stable. Therefore it is necessary to use chlorophyll historical data to characterize the parameters of the Gaussian function for each oceanic province or region. Millán-Núñez et al. (1997) used historical CalCOFI data to generate a set of regression models to calculate the Gaussian parameters from chlorophyll surface values, for different regions within the California Current system, and for different seasons. They concluded that within the California Current system assuming a homogeneous biomass profile results in underestimation of integrated production by as much as 30%, whereas their modeled profiles give equal or overestimated integrated production (up to 23%), with respect to the values derived from measured profiles.
The Gulf of California is a very dynamic marginal sea of the Pacific Ocean, with high production mainly during winter and spring (Alvarez-Borrego and Lara-Lara, 1991) . In the Gulf of California, the DCM coincides with the upper part of the nitracline, where nitrate concentration is > 1.0 µM (Cortés-Lara et al., 1999) , and this suggests that the DCM may be important as a new production maximum. Also, it has been shown that in the California Current system the DCM provides the necessary dinoflagellate abundance for the survival of first feeding anchovy larvae (Lasker, 1975) . The Gulf of California has pelagic fishes of commercial importance like sardine and anchovy. Thus for fisheries oceanographic studies, it would be useful to predict the chlorophyll vertical profiles from satellite color imagery.
The purpose of this work was to empirically relate the Gaussian parameters to properties that may be remotely derived by satellite sensors, such as chlorophyll concentration (Chl sat ) and temperature (T s ). Also to relate them to well characterized physical properties, such as the mixed layer depth and an index of stratification, for regions of the Gulf of California. The effect of considering non-homogeneous chlorophyll profiles, versus the homogeneous profiles with the same surface chlorophyll concentration (Chl s ), on the calculations of primary production was explored. The intention is not to predict chlorophyll profiles to estimate the instantaneous local production, but to provide means to chlorophyll profiles for estimating production for a whole season and a whole region within the Gulf. Morel and Berthon (1989) indicated that it is unreasonable and probably superfluous to envisage the use of a light-production model on a pixel-by-pixel basis when interpreting satellite imagery.
Study area
The Gulf of California is very dynamic because of tidal currents, wind stress, upwelling, and high solar heating. It consists of a series of basins separated by sills. The basins have depths up to > 3000 m at the entrance region, and they are very shallow in the northern Gulf (≤ 200 m). Marked seasonal changes of temperature, salinity, currents, and sea level have been reported for the central Gulf of California (Ripa and Marinone, 1989; SotoMardones et al., 1999) . However, information about the spatial and temporal variability of chemical and biologi-cal processes is scarce. Upwelling occurs off the eastern coast with northwesterly winds ('winter' conditions from December through May), and off the Baja California coast with southeasterly winds ('summer' conditions from July through October), with June and November as transition periods (Alvarez-Borrego and Lara-Lara, 1991) . With northwesterly winds, upwelling is strong, it has a marked effect on phytoplankton communities (Chl s values up to more than 10 mg m -3 ), and due to eddy circulation it increases the phytoplankton biomass across the Gulf (Santamaría-Del-Angel et al., 1994) . However, because of strong stratification during summer, upwelling with southeasterly winds has a very weak effect on phytoplankton biomass (Santamaría-Del-Angel et al., 1999) .
The northern Gulf of California exhibits spectacular tidal phenomena. With amplitude superior to 7 m during spring tides in the upper Gulf, and superior to 4 m in the midriff islands area (Tiburón and Angel de la Guarda), tidal energy dissipation rates are great. In the Upper Gulf tidal energy dissipation rates are as large as > 0.5 W m -2 , and in the midriff islands area they are > 0.3 W m -2 (Argote et al., 1995) . The lowest surface temperatures of the whole Gulf of California are found here (SotoMardones et al., 1999) . Tidal mixing over the sill between San Lorenzo and San Esteban islands produces a vigorous stirring of the water column down to > 500 m depth (Simpson et al., 1994) . Tidal mixing in the midriff islands area causes a net effect of carrying cold and nutrient rich waters to the surface throughout the whole year (AlvarezBorrego, 2000) . This produces patches of high Chl (up to > 2 mg m -3 ) in this area even during summer.
DATA AND METHODS
We used data generated in oceanographic cruises from 1973 through 1993. A cluster analysis of surface temperature was used to define the cool season as the period end of November-end of June, and the rest of the year is considered the warm season. However, to be consistent with the previously defined 'winter' and 'summer' conditions, with November and June as transition periods, and recognizing interannual variability, we followed the criteria in Valdez-Holguín et al. (1999) and considered mean surface temperatures of < 24°C as indicative of cool season. Surface temperatures < 24°C indicate either strong mixing or the start of upwelling events off the east coast.
Chlorophyll concentration was determined by the standard fluorometric method (Holm-Hansen et al., 1965) . Profiles with more than one chlorophyll concentration maximum, and also those with less than four sampled depths, were discarded (13%, most of them from the southern part of the Gulf). The rest of the chlorophyll profiles (268) were fitted to Platt et al. (1988) equation:
where Chl (z) is the chlorophyll concentration (in milligrams per cubic meter) at depth Z (in meters), Chl o is the background pigment concentration, h is the total pigment (in milligrams per square meter) above the baseline Chl o , r controls the thickness of the DCM layer, and Z m is the depth of the chlorophyll concentration maximum. Some examples of Chl (z) profiles with the fitted Gaussian curves are shown in figure 1 . The stratification parameter φ s = ͑ 1/k ͒ ͚k 0 ͑ q − q fl ͒g ⋅ z ⋅ Dz was one of the physical variables used to characterize the DCM, where φ s is the amount of mechanical energy required to bring about vertical mixing (it is zero for a well mixed layer and it increases with stratification), z is the vertical coordinate (positive upwards), k is the depth of integration over the water column (k = -100 m), q is the water density, q fl is the mean q for the interval 0-100 m, g is the acceleration due to gravity, and Dz = 1 m (Simpson and Hunter, 1974) . The mixed layer depth (in meters) was calculated following Martínez-Sepúlveda (1994) . The mixed layer was considered to be the portion of the water column where the temperature gradient was ≤ 0.07°C m -1 and its bottom was defined as the point where the temperature difference with respect to that of 10 m depth was 1°C.
We tabulated the four Gaussian parameters, T s , Chl s , chlorophyll at the DCM (Chl m ), φ s , and mixed layer depth, for a total of 268 hydrographic stations separated into the two seasons. Table I and figure 2 show the temporal and geographic distributions of these hydrographic stations. A cluster analysis of the cool season T s , Chl s , Chl m , and Z m data grouped the stations into four different regions ( figure 3a) . The area north from ∼31.5°N (upper Gulf) is too shallow (< 30 m) and well mixed by tidal currents (Alvarez-Borrego, 2000) . The warm season data are less abundant and show less horizontal structure in the Gulf. Only two separate warm season regions (1 and 2) were recognized by the cluster analysis (figure 3b). Regression analysis was applied to generate models of Z m , h, Chl o , and r as functions of Chl s , T s , φ s and/or mixed layer depth, for each region and season.
Primary production was calculated using the Platt et al. (1991) model to compare the integrated production that results from the modeled chlorophyll profiles versus those resulting from homogeneous chlorophyll distributions. The Platt et al. (1991) expression was used with a I  II  III  IV  1  2  Total   Year  1973  0  3  25  52  0  0  80  1981  1  0  3  0  0  11  1983  5  15  4  0  3  2  29  1984  10  48  14  0  0  0  72  1985  0  17  2  0  9  14  42  1986  0  1  4  3  0  0  8  1990  0  0  0  0  6  13  19  1993  2  2  1  2 0  0  2  0  4  13  19  Nov  0  16  13  0  8  3  40  Dec  1  10  0  6  0  0  17  Season  Cool  18  86  56  60  0  0  220  Warm  0  0  0  0  18  30  48  Total  18  86  56  60  18  30  268 Numbers on top represent the geographic regions according to figure 3. modification suggested by Giles-Guzmán and AlvarezBorrego (2000) for case 1 waters. This modification corrects the initial slope (␣* PAR ) of the photosynthesis-irradiance relationship (P-E curves) by the in situ spectral distribution of scalar irradiance (PAR). Instead of the ␣* PAR expression in Platt et al. (1991) , we used 43.2φ max a fl* ph͑ z,Chl ͒ (Giles-Guzmán and Alvarez-Borrego, 2000). The maximum photosynthetic quantum yield at low irradiance (mol C (mol quanta) -1 ) is φ max . The average specific absorption coefficient of phytoplankton is a fl* ph͑ z,Chl ͒ (in square metres per milligram of chlorophyll), weighted by the in situ spectral distribution of PAR and calculated following Giles-Guzmán and AlvarezBorrego (2000). The factor 43.2 converts milligrams C to moles C, hours to seconds, and micromole quanta to mole quanta. Primary production calculations were performed with mean photosynthetic parameters proposed by Valdez-Holguín et al. (1999) for the whole Gulf of California (φ max = 0.06 mol C (mol quanta) -1 ; and the assimilation number P * m = 9.6 mgC mgChl -1 h -1 ). We used constant surface irradiance (E PARo = 1000 µmol quanta m -2 s -1 ) so that differences could be attributed only to changes of chlorophyll profile.
RESULTS AND DISCUSSION
The Gulf of California has been divided into regions following different criteria. Our four regions for the cool season coincide very closely with those proposed by Gilbert and Allen (1943) based on the abundance of phytoplankton during winter-spring. Other authors have used phytoplankton remains in the surface sediments (Round, 1967) , and the 'winter' physical oceanographic characteristics (Gaxiola-Castro et al., 1995) to arrive to a very similar division of the Gulf into four regions. Santamaría-Del-Angel et al. (1994) used the temporal variation of satellite-derived photosynthetic pigments to propose as many as fourteen regions. These many regions resulted because these latter authors analyzed not only the spatial distribution of pigments but also their fine temporal variation. They generated eight-years time series with weekly composites of coastal zone color scanner data. For the purpose of defining regions to apply primary production models to satellite color data, the larger the regions the better. For example, for the purpose of modeling production, Valdez-Holguín et al. (1999) proposed means of photosynthetic parameters (from P-E curves) for the whole Gulf of California as a single region. Sathyendranath et al. (1995) indicated that most boundaries between biogeochemical regions prove to have some significance for Z m . That is the case for our Gulf of California regions, as will be shown later.
During the cool season, the T s mean in general decreased from south to north, from 22.6°C in region I, to 17.4°C in region IV (table II). The means of regions III and IV were not significantly different at the 95% confidence level. The highest 'winter' T s means of the four regions for the study period were registered in 1983 (not illustrated) due to the well known ENSO event of that year. During the warm season, the T s mean decreased a little from region 1 to region 2, from 27.4 to 26.3°C (table II) An important limitation of our study is that our data are discrete, based on water samples from bottles. Continuous flow in vivo fluorometry made possible the observation that phytoplankton could be concentrated in layers easily missed by conventional sampling schemes (Strickland, 1968) . Vertical movements of these layers have been observed (Gieskes et al., 1978) . Unfortunately, there are no available reports of continuous flow fluorometry from the Gulf of California. Presently, the use of HPLC chlorophyll data provides better estimates than those of fluorometric analysis. Nevertheless, Trees et al. (2000) reported that there is a strong linear relationship for log accessory pigments versus log chlorophyll, and this largely explains the success in remotely sensed chlorophyll, even though phytoplankton populations can vary in their composition and suite of pigments.
During both seasons, h significantly increased from south to north (table II) . Lowest h mean value was 30 mg m -2 , for region I, and highest value was 236 mg m -2 , for region IV (table II) As expected, the mean mixed layer depth and the mean index of stratification, φ s , had opposite behaviors. The mean mixed layer depth in general increased from south to north, and it was larger for the cool season than for the warm season. Its values for regions I and II were not significantly different, and neither were those for regions III and IV. The mean φ s in general decreased from south to north, and it was larger for the warm season than for the cool season. Maximum φ s mean value was 175 J m -3 , for region 1, and the minimum was 6 J m -3 for region IV.
Simple linear regression models for the Gaussian parameters as functions of Chl s , T s , mixed layer depth, or φ s were not significant, with the exception of those for Z m . The depth of the chlorophyll maximum, Z m , had a significant correlation only with mixed layer depth and with φ s (table III, figures 4, 5) . In some cases, graphs of the Gaussian parameters versus one of the independent variables suggested a linear relationship, and in other cases they showed an exponential relationship (not illustrated). Simple regression of ln of the parameters versus ln of the independent variables did not yield significant results in the cases of Chl o , h, and σ, and in the case of Z m it did not provide better results than the linear models. The addition of a second independent variable to the models did not contribute significantly to improving the correlation coefficient (r) at the 95% confidence level.
With more than 3000 chlorophyll profiles, Millán-Núñez et al. (1997) were not able to build predictive models for Table II . Means for each region and season of surface temperature, surface chlorophyll concentration, chlorophyll concentration at the deep chlorophyll maximum, the Gaussian parameters, the mixed layer depth, and the index of stratification.
22.6 ± 0.2 0.2 ± 0.04 0.6 ± 0.2 30.2 ± 0.3 0.07 ± 0.002 25.2 ± 0.7 36.6 ± 4.4 27.1 ± 2.8 52.8 ± 6.0 II 20.5 ± 0.2 0.9 ± 0.1 1.3 ± 0.2 85.4 ± 0.1 0.1 ± 0.01 14.6 ± 0.2 18.7 ± 1.6 32.2 ± 1.6 21.6 ± 3.3 III 17.8 ± 0.2 3.1 ± 0.3 3.9 ± 0.4 227.4 ± 3.9 0.4 ± 0.01 34.4 ± 0.3 14.1 ± 1.6 45.9 ± 1.9 14.6 ± 1.8 IV 17.4 ± 0.1 4.2 ± 0.4 5.9 ± 0.4 236.0 ± 1.0 0.1 ± 0.03 17.5 ± 0.2 11.3 ± 1.0 43.1 ± 1.5 5.7 ± 0.5 1 27.4 ± 0.4 0.4 ± 0.05 0.9 ± 0.1 79.4 ± 5.5 0.1 ± 0.02 27.4 ± 1.2 28.3 ± 2.5 24.8 ± 1.1 175.2 ± 2.1 2 26.3 ± 0.4 0.8 ± 0.2 1.4 ± 0.2 167.1 ± 12.4 0.3 ± 0.03 24.2 ± 1.9 19.8 ± 3.2 29.9 ± 1.6 103.6 ± 3.1
Values are mean ± standard error: T s in degrees, Chl s and Chl m in milligrams per cubic meter, MLD in meters, φ s in Joules per cubic meter. Numbers on the left column represent the regions and seasons.
σ, for most regions within the California Current system; and in some cases they could not build models for Chl o . Sathyendranath et al. (1995) concluded that prediction of σ from Chl s , or from other variables, is impracticable. Millán-Núñez et al. (1997) indicated that in those cases where the regressions were not significant, the means of the parameters for the corresponding region and season are to be used. Due to the scarcity of data from the Gulf of California we were not able to find any significant correlation between the Gaussian parameters and surface properties that can be remotely derived by satellite (z) for the first optical depth, weighted by the irradiance attenuated twice (when the light is going down and when it is backscattered up) (Kirk, 1994) . For our Gulf of California data set, Chl sat is about 10% higher than the surface value Chl s . Thus:
The Z m values derived from equation 2 are practically the same as those derived directly from the chlorophyll profiles. A single Chl s value produces different Chl (z) profiles for the different regions and seasons. As examples we calculated the profiles with Chl s equal to 0.2 mg m -3 and 1.0 mg m -3 ( figure 6a, b) . No biomass profiles were generated for regions II, III, IV, and 2 for Chl s = 0.2 mg m -3 (figure 6a), because they did not present such a low Chl s mean in the period 1973-1993. And no biomass profiles were generated for regions I and 1 for Chl s = 1.0 mg m -3 (figure 6b), because they did not present such a high Chl s mean for that period. In all cases, there is a clear change of profile shape depending on the region and season. The procedure proposed by Giles-Guzmán and Alvarez-Borrego (2000) was used to estimate the coefficient of vertical attenuation of difused light for case I waters (Chl < 1.5 mg m -3 ), and that of Barnard et al. (1999) was used for waters with Chl > 1.5 mg m -3
. Integrated chlorophll and primary production from the Gaussian profiles were higher than those obtained from the homogeneous distributions (table IV) . Sathyendranath et al. (1995) found that at the scale of individual provinces, the nonuniform production result was always equal to or higher than the uniform one. Assuming a homogeneous biomass profile resulted in underestimation of integrated primary production by as much as 60% and 26% with respect to the values derived from the non-homogeneous profiles, for the low and the high Chl s examples, respectively. A similar result was reported by Millán-Núñez et al. (1997) , integrated production for region 1 is about 18% larger than that for region I. With Chl s = 1.0 mg m -3 , integrated production for regions II, III, and 2 had practically the same value, and that for region IV was only about 10% higher. Thus, with high Chl s values there is no significant integrated production difference between seasons and regions. Nevertheless, Z m and chlorophyll concentration at the DCM (Chl m ) show large changes between regions and seasons (figure 6a and b) and this may be important for fisheries studies. In conclusion, the capability to associate nonhomogeneous chlorophyll profiles to data from satellite color sensors allows us to improve the estimates of primary production. Assuming a homogeneous biomass profile for the Gulf of California may result in significant underestimation of integrated primary production. In the Gulf of California the vertical distribution of the phytoplankton biomass is strongly correlated with the structure of the water column. The division of the Gulf of California into regions only give significant differences in the primary production estimates for cases where surface chlorophyll concentrations are relatively low (i.e., 0.2 mg m -3 ). However, Z m and chlorophyll concentration at the DCM show large changes between regions and seasons even for large surface chlorophyll values and this may be important for fisheries studies. 
